Background-Aldosterone has direct and indirect effects on the heart, and genetic variations in aldosterone synthesis could therefore influence cardiac structure and function. Such variations might be associated with polymorphisms in the gene encoding aldosterone synthase (CYP11B2), the enzyme catalyzing the last steps of aldosterone biosynthesis. Methods and Results-A Finnish population sample of 84 persons (44 women) aged 36 to 37 years was studied by M-mode and Doppler echocardiography to assess left ventricular size, mass, and function. Subjects were genotyped through the use of the polymerase chain reaction for two diallelic polymorphisms in CYP11B2: one in the transcriptional regulatory region (promoter) and the other in the second intron. In multiple regression analyses, the CYP11B2 promoter genotype predicted statistically significant variations in left ventricular end-diastolic diameter (␤ϭ.40, PϽ.0001), end-systolic diameter (␤ϭ.33, Pϭ.0009), and mass (␤ϭ.17, Pϭ.023). These effects were independent of potentially confounding factors, including sex, body size, blood pressure, physical activity, smoking, and ethanol consumption. Genotype groups also differed in a measure of left ventricular diastolic function, the heart rate-adjusted atrial filling fraction (Pϭ.018). Increased dietary salt, which is known to predict increased left ventricular mass, had this effect only in association with certain CYP11B2 genotypes (PϽ.001). Conclusions-Genetic variations in or near the aldosterone synthase (CYP11B2) gene strongly affect left ventricular size and mass in young adults free of clinical heart disease. These polymorphisms may also influence the response of the left ventricle to increases in dietary salt. (Circulation. 1998;97:569-575.)
L eft ventricular size, mass, and function are important predictors of cardiovascular morbidity and mortality in cardiac patients and in the general population.
1,2 A number of constitutional and environmental factors have been identified that influence left ventricular size; these include age, sex, body size, blood pressure, physical activity, salt intake, alcohol consumption, and the presence of heart disease or diabetes. [3] [4] [5] [6] Studies of monozygotic and dizygotic twins have suggested that inherited factors are also important. [7] [8] [9] [10] Aldosterone controls sodium balance and intravascular volume and thus helps regulate blood pressure (reviewed in Ref 11) . Therefore, genetic variations in the regulation of aldosterone synthesis might influence the structure and function of the left ventricle.
Aldosterone secretion is regulated primarily by the reninangiotensin system. 11 In response to decreased intravascular volume, renin is secreted by the renal juxtaglomerular apparatus and converts angiotensinogen to angiotensin I, which is then converted to angiotensin II by ACE. The genes encoding these components have been investigated as risk factors for hypertension and, in some cases, left ventricular hypertrophy. A deletion polymorphism in an intron (an internal region of the gene that does not encode part of the protein) has been associated with increased ACE levels, 12 increased risk of cardiovascular mortality, 13 and increased risk of left ventricular hypertrophy.
14,15 However, we have been unable to confirm any association between ACE genotype and left ventricular size or mass in normal young adults, 16 and a recent large population-based study also failed to confirm either association or genetic linkage between ACE and left ventricular hypertrophy. 17 In the adrenal cortex, aldosterone is synthesized from deoxycorticosterone by a mitochondrial cytochrome P450 enzyme, aldosterone synthase (CYP11B2). 18 The corresponding gene is located on chromosome 8, band 8q22. It is adjacent to a closely related gene that encodes steroid 11␤-hydroxylase (CYP11B1), an enzyme required for cortisol biosynthesis. 19 Mutations in CYP11B2 can cause aldosterone deficiency. 20 Conversely, an inherited form of hypertension, glucocorticoid-suppressible hyperaldosteronism, is caused by genetic recombinations between CYP11B1 and CYP11B2 that increase expression of CYP11B2 and lead to inappropriate secretion of aldosterone. [21] [22] [23] Therefore, it is plausible that other polymorphisms in CYP11B2 might affect aldosterone biosynthesis and thus perhaps influence left ventricular mass or size.
Several frequent polymorphisms have recently been described in the transcriptional regulatory region and the second intron of CYP11B2. 24 We now report that two of these polymorphisms have significant associations with left ventricular size, mass, and function in an age-homogeneous population sample with a low prevalence of cardiovascular diseases.
Methods

Study Population
We previously examined left ventricular structure and function in a population sample with a low prevalence of cardiovascular diseases. 16, 25 We solicited a random sample of 120 persons living in Helsinki who were 36 to 37 years old at the time of our investigation; 42 men and 51 women (78% of the sample) entered the study. 16 We obtained both high-quality echocardiographic data and leukocyte DNA samples on 84 subjects. Several subjects had been followed for borderline blood pressure elevation, but none was on antihypertensive drug therapy. No subject had heart disease by history, clinical examination, or 12-lead ECG. At echocardiography, 1 woman had moderate tricuspid regurgitation, and 1 man had a possible incipient dilated cardiomyopathy; both were asymptomatic.
The subjects' daily physical activity and ethanol and cigarette consumption were determined by 2-month prospective daily recording. 25 The estimation of salt intake was based on a 7-day food record. 25 Body height and weight were measured in light indoor clothing just before the echocardiographic examination. Resting brachial artery cuff blood pressure was averaged over three measurements made over the 2-month follow-up period. Hematocrit and serum insulin were determined on venous blood obtained after an overnight fast. 25 All subjects were studied by M-mode echocardiography to determine left ventricular size (end-diastolic and end-systolic cavity diameter), wall thickness, and mass and by pulsed Doppler velocimetry to determine the peak early and late (atrial) diastolic transmitral velocities, atrial filling fraction, and deceleration of the early diastolic flow velocity. Details of the technique and measurements, including calculation of peripheral arterial resistance, 25 have been presented previously. 16, [25] [26] [27] Data were analyzed without knowledge of the subjects' other characteristics, including the CYP11B2 genotype.
Molecular Analysis of the Aldosterone Synthase (CYP11B2) Gene
DNA was extracted from whole blood. Segments of CYP11B2 (Fig 1) were amplified from Ϸ20 ng of each DNA sample by the polymerase chain reaction in 20-L reactions containing 0.2 U Taq DNA polymerase, 1ϫ concentration of the supplied buffer, 0.2 mmol/L concentration of each deoxynucleotide triphosphate, and 10 pmol of each primer. After initial denaturation at 94°C for 5 minutes, a manual hot start at 80°C was used, followed by 35 cycles of 94°C for 1 minute, 67°or 68°C annealing for 1 minute, and 72°C extension for 2 minutes.
Subjects were genotyped for the Ϫ344 promoter polymorphism using primers CAGGAGGAGACCCCATGTGAC (sense) and CCTCCACCCTGTTCAGCCC (antisense). Then, 5 L from each reaction (consisting mainly of a 537-bp product) was digested with 10 U of restriction endonuclease Hae III in the supplied buffer for 2 hours at 37°C. Reactions were subjected to electrophoresis in 2.5% agarose gels. The Ϫ344T allele lacks an Hae III site (GGCC) present in the Ϫ344C allele, so Ϫ344T alleles are detected as Hae III fragments of 273 bp and Ϫ344C alleles as fragments of 202 bp (plus smaller fragments in each case). Subjects were typed for a gene conversion polymorphism in the second intron of CYP11B2 by allele-specific polymerase chain reaction. Both reactions used the same antisense primer: AGGAACCTCTGCACGGCC. Reactions to detect allele 1 with the gene conversion (1013-bp product) also contained the primer CAGAAAATCCCTCCCCCCTA (67°C annealing temperature), whereas reactions to detect allele 2 lacking the gene conversion (yielding a 1017-bp product) instead used the sense primer TGGAGAAAAGCCCTACCCTGT.
Statistical Analysis
Group comparisons were made by ANOVA and the Kruskal-Wallis test (asymmetrical data distribution). In comparing the groups for the Doppler transmitral velocity measurements, heart rate was used as a covariate. Frequency data were analyzed by the 2 test. A hypothesis of a "gene dosage effect" on left ventricular measurements was tested by linear regression analysis with the number of Ϫ344C alleles in the CYP11B2 gene promoter (0, 1, and 2, corresponding to TT, CT, and CC genotypes) as the explanatory factor. Stepwise multiple linear regression analysis was used to examine whether the number of Ϫ344C alleles carried by each subject had statistical influence on left ventricular diameters and mass independent of sex, body size, blood pressure, hematocrit, serum insulin, and lifestyle factors, including daily salt intake, physical activity index (square-root transformed), smoking, and ethanol consumption (square-root transformed). The ␣ level for entry and removal of terms at each forward step was .10. Asymmetrically distributed variables were square-root transformed before regression analysis. Continuous data are summarized as meanϮSD or as median (range). The associations found in multivariate analyses are reported as multiple regression coefficients (b) ϮSEM and as standardized regression coefficients (␤). Squared multiple correlation coefficients (R 2 ) were also calculated. Two-tailed values of PϽ.05 were considered statistically significant.
Results
Genotyping of Subjects
We genotyped 84 individuals for two polymorphisms in the aldosterone synthase (CYP11B2) gene. 24 The first is located in the transcriptional regulatory region, or promoter, of CYP11B2, 344 nucleotides before the start of the protein coding sequence. This position can be either a cytosine (Ϫ344C ) or thymidine (Ϫ344T ). Persons homozygous for C, heterozygous for C and T, or homozygous for T will be referred to as having the genotypes Ϫ344CC, Ϫ344CT, or Ϫ344TT, respectively. The second polymorphism is in the second intron of CYP11B2; in some individuals, the usual sequence of this intron has been largely replaced by the sequence typically found in the related gene, CYP11B1. Such replacement is termed gene conversion, and the alleles at this locus will be referred to as 1 (conversion) and 2 (no conversion) (Fig 1) . The genotype at the Ϫ344 position was TT in 22 persons, CT in 42, and CC in 20. The distribution is compatible with the Hardy-Weinberg equilibrium. There were no statistically significant differences in sex distribution, body size measurements, heart rate, peripheral arterial resistance, hematocrit or insulin levels, physical activity, smoking, ethanol consumption, or salt intake across the different genotype groups (Table 1 ). There also were no significant differences in blood pressure. Table 2 shows the distribution of the CYP11B2 intron 2 conversion genotypes in relation to the Ϫ344 C/T promoter genotypes in our study population. The data confirm linkage disequilibrium (ie, nonrandom associations of alleles) between these two polymorphic loci in the CYP11B2 gene; allele 1 in intron 2 was seen only in association with Ϫ344T. Intron 2 genotype did not influence any of the factors listed above (not shown). Table 3 summarizes the M-mode and Doppler echocardiographic measurements for the three CYP11B2 promoter genotype groups: Ϫ344CC, Ϫ344CT, and Ϫ344TT. ANOVA revealed a statistically significant main effect of the promoter genotype on left ventricular end-diastolic diameter (Fig 2) , end-systolic diameter, early-to-late transmitral velocity ratio, and atrial filling fraction. The data on left ventricular diameters, mass, and atrial filling fraction were consistent with a gene dosage effect, such that these parameters increased in a linear relationship with the number of Ϫ344C alleles carried by each subject.
Associations Between CYP11B2 Genotype and Echocardiographic Measurements
Stepwise multiple regression analyses also were performed. Table 4 lists the factors selected into the multivariate models. The CYP11B2 promoter polymorphism was the single most important statistical predictor of left ventricular diameters and also independently predicted left ventricular mass. The result was the same if weight, height, body mass index, or the second or third power of height were substituted for body surface area or if sex was forced into the equation (data not shown). In sex-specific analyses, the CYP11B2 promoter polymorphism was independently associated with left ventricular end-diastolic diameter (␤ϭ.43, Pϭ.007), end-systolic diameter (␤ϭ.34, Table 4 ), a statistically significant interaction was observed between the CYP11B2 promoter polymorphism and salt intake (Pϭ.001). Added to the equation, the product term "salt intake*CYP11B2 polymorphism" increased the R 2 (predictive power) of the model from .65 to .70. Fig 3 illustrates the association of left ventricular mass with salt intake in relation to the CYP11B2 promoter genotype. The plots show that the regression of left ventricular mass on salt intake was strong and statistically highly significant in the Ϫ344CC group, intermediate in the Ϫ344CT group, and nonexistent in the Ϫ344TT group. We previously reported an interaction between systolic blood pressure and salt intake on left ventricular mass in the present study population. 16 The interaction between salt intake and CYP11B2 promoter polymorphism remained statistically significant (Pϭ.045) even after the term "systolic blood pressure*salt intake" was added to the model; R 2 rose to .73. No interaction between salt intake and CYP11B2 promoter genotype was observed in the models predicting left ventricular diameters.
Analyses of the echocardiographic data using the same covariates as with the promoter polymorphism showed that intron 2 polymorphism (expressed as the number of nonconversion alleles) was an independent predictor of left ventricular end-diastolic diameter (␤ϭ.29, Pϭ.002) and mass (␤ϭ.18, Pϭ.010) and was associated with differences in the peak early diastolic transmitral velocity (Pϭ.025). The associations with other echocardiographic measurements did not reach statistical significance.
Discussion
CYP11B2 Genotype Influences Left Ventricular Size
This study shows that polymorphic variations in the CYP11B2 gene are associated with left ventricular size, mass, and, to some extent, diastolic function in persons free of clinical cardiovascular disease. The influence of CYP11B2 gene polymorphism is statistically independent of constitutional and environmental factors that also predict left ventricular measurements. We believe these observations represent genuine associations because the nature of the study population makes a selection bias unlikely, because we used validated and reproducible methods for echocardiography and CYP11B2 genotype assessment, and because the investigators responsible for the respective analyses were blinded to each other's work. The results are extremely LV indicates left ventricular. Data are meanϮSD. *P values are from one-way ANOVA and from simple linear regression (LR) testing a gene-dosage effect (the independent variable was the number of C alleles: TTϭ0, CTϭ1, CCϭ2).
†Heart rate was used as a covariate in the statistical analysis.
unlikely to be due to unsuspected admixture of populations in our study sample because the population of Helsinki is ethnically highly homogeneous and the allele frequencies obtained in the present study are identical to those of Caucasian populations in the United States and the United Kingdom (unpublished observations). To the best of our knowledge, CYP11B2 genotype is the only genetic factor identified thus far that affects heart size in young adults. The apparent effect of the CYP11B2 promoter polymorphism on left ventricular size and mass is of considerable magnitude. The data on left ventricular diameters (see Table 2 ) suggest that homozygotes for the Ϫ344C allele (ie, Ϫ344CC genotype) average, by cubic approximation, 28% larger enddiastolic volumes and 21% greater mass than homozygotes for the Ϫ344T allele (Ϫ344TT). The Doppler indexes of left ventricular diastolic function fit logically with the size measurements in that the genotype group with the smallest left ventricular mass (Ϫ344TT) has the "best" preserved diastolic function as indicated by the highest early-to-late transmitral velocity ratio and the lowest atrial filling fraction.
Possible Explanations for CYP11B2 Genotype Effects
The mechanism of the association of left ventricular size and mass with the CYP11B2 promoter polymorphism is unknown at present. The M-mode echocardiographic data on left ventricular size (Table 3) are compatible with an increased volume load on the left ventricle in persons with Ϫ344CC and, to a lesser extent, with Ϫ344CT compared with the Ϫ344TT genotype. The measurements also suggest that the increase of left ventricular mass with the number of Ϫ344C alleles reflects increasing ventricular volume rather than differences in wall thickness. Previous echocardiographic studies in humans have demonstrated that increases or decreases in dietary sodium result in corresponding changes in left ventricular volumes and mass. 28, 29 Thus, differences in the body's sodium balance and intravascular volume related to the CYP11B2 genotype are a plausible mechanism for our observations. This idea is supported by the interaction between the effects of salt intake and CYP11B2 promoter genotype on left ventricular mass. Multiple regression coefficients (b) ϮSEM and standardized regression coefficients (␤) are given for the effects of the factors selected into each model. *Ϫ344TTϭ0, Ϫ344CTϭ1, Ϫ344CCϭ2. †Square-root transformed data were used in the analyses. ‡The factor did not enter the model.
In addition to indirect cardiovascular effects, aldosterone has had direct actions on the heart in animal studies, including induction of myocardial hypertrophy and fibrosis. 30, 31 These effects are probably mediated via mineralocorticoid receptors in the myocardium. Although the mineralocorticoid receptor itself binds both mineralocorticoids and glucocorticoids, mineralocorticoid target tissues express an enzyme, 11␤-hydroxysteroid dehydrogenase, that oxidizes glucocorticoids and prevents them from occupying the mineralocorticoid receptor. Although it was originally thought that the heart did not express this enzyme, 32, 33 more recent studies have confirmed that the human heart does express the same isozyme as the kidney and other mineralocorticoid target tissues. 34, 35 This permits mineralocorticoids to have direct effects on the heart. It is not yet known whether the polymorphisms that we studied actually affect aldosterone levels in young adults. Although dietary sodium intake is known in our subjects, renin and aldosterone levels and urinary sodium excretion values are not available. Unpublished studies in other populations have thus far yielded inconsistent results, with a trend toward higher urinary aldosterone excretion associated with the Ϫ344C allele in healthy white US schoolchildren but a statistically significant association in the opposite direction in a cohort of Finnish men who were slightly older (mean, 45 years) than the group in the present study. To rigorously determine the effects of CYP11B2 genotype on aldosterone secretion, it would be most useful to examine a population in whom blood aldosterone levels or 24-hour urinary aldosterone excretion were measured under controlled conditions of diet and activity.
The Ϫ344 position in the CYP11B2 promoter is immediately adjacent to a binding site for a transcription factor, SF-1, that is thought to be essential for expression of steroid biosynthetic enzymes in the adrenal cortex. 36 In vitro, the Ϫ344C allele binds SF-1 approximately four times as strongly as does the Ϫ344T allele (unpublished observations), which is consistent with an effect on expression of CYP11B2. However, in cultured human adrenocortical cells, another SF-1 site downstream in the promoter is much more important for transcriptional control, and the site near the Ϫ344 polymorphism can be entirely deleted without affecting transcription. 37 It remains possible that the Ϫ344 site is important for developmental regulation of CYP11B2 in the adrenal or in extra-adrenal sites.
It also remains possible that the polymorphisms we examined are merely markers for one or more additional nearby polymorphisms that actually mediate the observed effects on heart size. There might be a nonrandom association between the "large heart size" allele of such a hypothetical locus and the Ϫ344C allele of CYP11B2, a condition termed genetic linkage disequilbrium. Indeed, the Ϫ344 and intron 2 polymorphisms are in linkage disequilibrium, and similar associations have been documented between polymorphisms in CYP11B2 and CYP11B1. 22, 38 It is even theoretically possible that polymorphisms in CYP11B1 are responsible for our observations. However, the Ϫ344 promoter polymorphism is a much better predictor of left ventricular size than is the intron 2 gene conversion polymorphism. Because the degree of linkage disequilibrium between loci is usually directly proportional to their proximity, it is more likely that the Ϫ344 polymorphism is close or identical to the polymorphism that is responsible for the observed effects on heart size.
Comparisons With Previous Studies
The design of the present study differs in important respects from other studies of genetic influences on left ventricular characteristics. Our study population was relatively young and homogeneous for age. Moreover, our population was almost completely free of hypertension and other cardiovascular disease, whereas other studies examined patients from cardiology clinics or individuals with ECG evidence of left ventricular hypertrophy. Thus, studies of our population should only detect factors that affect left ventricular size or function in young, healthy adults. Conversely, although the present study demonstrates that CYP11B2 genotype has major effects on heart size in normal individuals, it cannot answer the question of whether CYP11B2 genotype is, like ACE, a possible risk factor for the development of cardiovascular pathology such as myocardial infarction. Case-control studies of patients with cardiovascular disease would be the best way to answer this question.
